Graphene has recently been shown to be permeable to thermal protons 1 , the nuclei of hydrogen atoms, which sparked interest in its use as a proton-conducting membrane in relevant technologies [1] [2] [3] [4] . However, the influence of light on proton permeation remains unknown. Here we report that proton transport through Pt-nanoparticle-decorated graphene can be enhanced strongly by illuminating it with visible light. Using electrical measurements and mass spectrometry, we find a photoresponsivity of ∼ 10 4 A W −1 , which translates into a gain of ∼ 10 4 protons per photon with response times in the microsecond range. These characteristics are competitive with those of state-of-the-art photodetectors that are based on electron transport using silicon and novel two-dimensional materials [5] [6] [7] . The photo-proton effect could be important for graphene's envisaged use in fuel cells and hydrogen isotope separation. Our observations may also be of interest for other applications such as light-induced water splitting, photocatalysis and novel photodetectors.
. Proton transport through graphene was found to be thermally activated 1 with a relatively low energy barrier of about 0.8 eV. Further measurements involving the hydrogen isotope deuterium have shown that this barrier is in fact 0.2 eV higher than the measured activation energy because the initial state of incoming protons is lifted by zero-point oscillations at oxygen bonds within the proton-conducting media used in the experiments 2 . The resulting value of ∼ 1.0 eV for the graphene barrier is lower (by at least 30%) than the values obtained theoretically for ideal graphene 1, [8] [9] [10] , which triggered a debate about the exact microscopic mechanism behind the permeation of protons [8] [9] [10] [11] [12] . For example, it was recently suggested that the hydrogenation of graphene could be another ingredient in the process 11 . Independently of the fundamentals of the involved mechanisms, the high proton conductivity of graphene membranes combined with their impermeability to other atoms and molecules signals their potential for use in various applications including fuel cell technologies and hydrogen isotope separation [1] [2] [3] [4] . For example, it was argued that mass-produced membranes based on chemical-vapour-deposited graphene can dramatically increase efficiency and decrease the costs of heavy water production 1, 2, 4 . In this Letter, we describe unexpected enhancement of proton transport through catalytically activated 1 graphene under lowintensity illumination. The devices used in this work were made from monocrystalline graphene obtained by mechanical exfoliation. The graphene crystals were suspended over microfabricated holes (∼ 10 μ m in diameter) etched in silicon nitride films, following a recipe reported previously 1, 2 . The resulting free-standing membranes were decorated on one side with Pt nanoparticles deposited using electron-beam evaporation (Fig. 1a) . On the opposite side of the free-standing membrane, a proton-conducting polymer (Nafion 13 ) was drop cast and then contacted with a proton-injecting electrode 1 . In this setup, if a negative bias is applied to graphene, protons are injected into the Nafion film and then pass through the graphene membrane, evolving into H 2 on the side decorated with Pt nanoparticles 1, 2 . Graphene-a mixed electron-proton conductor-acts here as both a proton-conducting membrane and a cathode. Further details of the device fabrication and electrical measurements are provided in Supplementary Information (see Supplementary Fig. 1 ). Figure 1a shows typical current-voltage (I-V) characteristics of our devices measured in the dark and under simulated solar illumination of 100 mW cm −2 (using light source Oriel Sol3A). We found that the I-V response during illumination scaled by a factor of ∼ 10 with respect to the response in the dark. Indeed, at low biases, where the I-V characteristics were linear, the slope of I increased by a factor of ∼ 10 with respect to the dark case (inset in Fig. 1a) . And the same enhancement of the current by illumination was observed in the high-V regime, where I-V characteristics are nonlinear (see Fig. 1a and Supplementary Fig. 2 ). Further measurements showed that the current density (I) displayed a saturating dependence as a function of the illumination power density (P). This dependence could be accurately described empirically using the relation I ∝ P 1/4 (see Fig. 1b) . Interestingly, at low illumination (P < 5 mW cm −2 ), our data can also be approximated by a linear dependence on P, which yields a photoresponsivity of ~10 4 A W −1 and, probably, even higher at lower intensities (< 1 mW cm
) because of the nonlinear functional form I(P). For white light, this translates into a large gain of ~10 4 protons per incident photon. The exceptionally high photoresponsivity of our devices calls for further characterization. First, the bright current did not show any sign of deterioration under long continuous illumination (inset in Fig. 1c) . Furthermore, some devices were retested after several months and displayed the same photo-proton effect. Second, using chopped illumination (bottom inset in Fig. 2 ), we observed that changes in I were fast becoming limited by the temporal resolution of our experimental setup. This allowed only an upper-bound estimate of the intrinsic response time of ≤ 50 μ s. Furthermore, these measurements showed that the devices were stable and allowed at least ∼ 10 6 on/off cycles. Third, using different wavelength filters, we found that the devices displayed a flat response with no spectral features within the studied range of 450 nm to 1,480 nm ( Supplementary Fig. 3 ). Fourth, we determined the devices' noise It is instructive to compare the above characteristics that are due to the photo-proton effect with those of photodetectors based on electron transport. Three parameters are usually used to evaluate photodetectors: photoresponsivity, photodetectivity and response time. Let us look first at graphene and other two-dimensional (2D) crystals, materials that attract intense interest in many photoelectronic applications such as phototransistors, terahertz detectors and bolometers 5, 6, 14 . Without adding extra photosensitive ingredients (such as quantum dots, for example), graphene photodetectors typically exhibit photoresponsivities 5 ranging between ~0.1 and 100 mA W −1 . Other 2D crystals can exhibit a much stronger response 5, 6, 14 . A prominent example is monolayer MoS 2 , which shows 14 a photoresponsivity of ~880 A W −1 and a NEP of ~10 −15 W Hz
, albeit with a slow rise time of ~4 s. Another pertinent reference is commercial silicon photodiodes 7, 15 . Those typically display 7,16 a photoresponsivity ~100 mA W −1
, a NEP of ~10 −12 W Hz −1/2 and a response time around ~0.01-10 3 μ s. In comparison, the photoresponsivity of our devices is at least 10 times higher than the value recently highlighted for MoS 2 photodetectors 14 and 10 5 times higher than for commercial photodiodes. The response time, although limited at present by our measurement setup, is at least 10 5 times faster than for MoS 2 and comparable to non-specialized silicon photodiodes. The third parameter, NEP, is comparable or higher to that of MoS 2 and commercial silicon photodetectors. This comparison suggests that these proton-based devices may be suitable for some applications even in their current non-optimized design, especially if all figures of merit are considered together.
To gain more insight into the photo-proton effect, we studied it by measuring the proton flux directly rather than using the electric current as a proxy. The devices (Fig. 1a) were placed in two separate chambers, one of which contained an H 2 O/H 2 gas mixture and the other evacuated and connected to a mass spectrometer 1, 2 . The graphene membrane served as a cathode and faced the spectrometer chamber. The proton-injecting electrode worked as an anode and faced the gas chamber. If no bias was applied or if the voltage polarity was reversed, no hydrogen flow could be detected, as expected because of graphene's impermeability to gases 1, 17 . With the correct polarity, both electrical current and H 2 flow were detected and . c, Changes in I induced by one-minute-long illumination at a bias of 2.6 V; six measurements were made for each power density. The inset shows that the bright current remained stable under continuous illumination; voltage bias 0.4 V.
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Nature NaNotechNology recorded simultaneously. The device worked effectively as an electrochemical pump demonstrating a 100% Faradaic efficiency 1, 2 . The latter means that for every two electrons that flowed through the electrical circuit, an H 2 molecule appeared in the vacuum chamber. This charge-to-mass conservation is described by Faraday's law of electrolysis: Φ = I/2F, where Φ is the hydrogen flux, I is the current density, F is Faraday's constant and the factor of 2 accounts for the two protons required to form a hydrogen molecule 1, 2 . In the context of this report, if the devices were illuminated at a given bias, we observed a simultaneous increase in the current density and the hydrogen flux. The Faradaic efficiency under illumination remained at 100% (Fig. 2) . These results corroborate those from our electrical measurements. It is instructive to note that to generate one mole of hydrogen, our electrochemical pumps require the energy input E = IV/Φ = 2FV, which at typical biases translates into ∼ 50 W h per gram of hydrogen.
To narrow down the number of possible mechanisms responsible for the photo-proton effect we performed some additional measurements. First, temperature dependence measurements showed that the dark current displayed an Arrhenius type behaviour:
, where E = 0.4 ± 0.06 eV is the activation energy, k B is the Boltzmann constant and T is the temperature ( Supplementary  Fig. 2 ). Within the resolution of our measurements, ± 60 meV, we did not observe a significant change in E under illumination. Second, the photo-proton effect was also observed for graphene membranes decorated with other catalytically active metals [18] [19] [20] , namely Pd and Ni. In both cases, we observed the same power dependence (I ∝ P 1/4 ) as that for Pt but the effect was a factor of ~2 weaker for both Pd and Ni (Supplementary Fig. 2 ). We note that Pd, Pt and Ni are known to strongly interact with graphene [18] [19] [20] [21] and provide n-type (electron) doping [18] [19] [20] . In contrast, if we used nanoparticles of Au, a metal that weakly interacts with graphene and p-dopes it 18, 20 , the proton current remained unaffected even under our strongest illumination (100 mW cm −2 ). Hence, the mechanism behind the photo-proton effect must be consistent with the following observations. The effect is observed only for metals that n-dope graphene; the photoresponse saturates as I ∝ P 1/4 ; it is stable for many hours of continuous illumination; the activation energy for the process does not change noticeably under illumination; and the effect is present even in the linear regime, at very small biases. With these facts in mind, we considered a number of possible scenarios for the photoeffect. A reduction in the transport barrier due to plasmonic effects that explain many photochemical reactions can be ruled out because of the lack of response in the presence of plasmon-active Au nanoparticles 22, 23 . Photo-induced electrolysis of water is also readily ruled out because the photo-proton effect occurs at low V, well below the thermodynamic voltage for water splitting and its relative amplitude does not very greatly with V. Even if electrolysis did occur, its products cannot possibly cross through our membranes, which are impermeable to hydrogen, even in its atomic form 8, 9, 17 . Photo-induced hydrogenation of graphene can in principle reduce the energy barrier 10, 11 but in this case the illumination would also be expected to change E, which is not found in the experiment.
After ruling out the above and some other proposed mechanisms, we suggest the following explanation. Metal nanoparticles are known to dope the underlying graphene, which leads to an inplane electric field in the graphene areas surrounding the nanoparticles 18, 20 . It is also known that illumination of such built-in junctions creates long-lived (> 1 ps) hot electrons in graphene 24, 25 , and that these electrons generate a photovoltage 5, 26, 27 , similar to illumination of semiconducting p-n junctions. The photovoltage V ph in graphene is proportional to its electron temperature, T e . We believe that this local voltage influences proton permeation in the following way. If we use Pd, Ni or Pt nanoparticles-metals that dope graphene with electrons-the in-plane electric field attracts photogenerated electrons towards the nanoparticles and holes away from them. Hence, similar to a negative voltage applied to the whole graphene membrane, this local voltage V ph should also funnel protons and electrons towards the nanoparticles. This results in an enhanced rate of electron-proton conversion into atomic hydrogen. The photovoltage is able to influence the latter rate because the attempt rate for proton permeation through graphene is of the order 2,28 of 10 ; that is ∼ 100 times faster than the lifetime of hot electrons. In contrast, if we use nanoparticles of Au (a metal that dopes graphene with holes), photogenerated electrons move in the opposite direction, and a positive V ph appears at the nanoparticles, which does not lead to a proton current; as in the case of positive external voltages applied to our devices. The dependence on the type of doping found here provides strong support for this proposed mechanism. Furthermore, this model does not imply changes in E, explains the presence of the photoeffect at all biases and agrees with stable proton currents. It also explains the observed I ∝ P 1/4 dependence. In graphene the electronic temperature depends on illumination power density as 24, 27 T e ∝ P 1/n , with n ≥ 3. Accordingly, we obtain V ph ∝ T e ∝ P 1/n and, hence, I ∝ P 1/n . In summary, the suggested mechanism is consistent with all of our experimental observations.
In terms of applications, the photo-proton effect also deserves attention. The performance of our proton-based devices is even more encouraging if we consider that they present a non-optimized design. For example, the addition of photosensitive materials such as quantum dots can be expected to improve their performance 29 . The use of plasmonic nanostructures placed on top of graphene 22, 23 may also result in further improvements. Another important application could be in fuel cells and for hydrogen isotope separation [1] [2] [3] [4] . Indeed, solar illumination increases the effective proton conductivity of graphene membranes by an order of magnitude at low voltages, which would proportionally reduce internal losses in fuel cells. Membranes for artificial leaves 30 are yet another interesting prospect. The latter application requires some stringent conditions on the membranes, including mixed proton-electron conductivity, gas Letters Nature NaNotechNology impermeability, mechanical stability and optical transparency 30 . At present a mixture of proton-and electron-conducting polymers is used, but this involves some substantial trade-offs 30 that could be avoided by using graphene. Most enticing, however, is perhaps the unexpected richness in properties and phenomena of our system, in which protons, electrons and photons are packed at an atomically thin interface.
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